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We report the discovery of a novel genetic locus within Staphylococcus aureus that encodes a cluster of at least
five exotoxin-like proteins. Designated the staphylococcal exotoxin-like genes 1 to 5 (setl to set5), these open
reading frames have between 38 and 53% homology to each other. All five proteins contain consensus sequences
that are found in staphylococcal and streptococcal exotoxins and toxic shock syndrome toxin 1 (TSST-1).
However, the SETs have only limited overall sequence homology to the enterotoxins and TSST-1 and thus
represent a novel family of exotoxin-like proteins. The prototypic gene in this cluster, set1, has been cloned and
expressed. Recombinant SET1 stimulated the production of interleukin-1, interleukin-6, and tumor necrosis
factor alpha by human peripheral blood mononuclear cells. PCR analysis revealed that set! was distributed
among other strains of S. aureus but not in the other staphylococcal species examined. Sequence analysis of the
setl genes from different strains revealed at least three allelic variants. The protein products of these allelic
variants displayed a 100-fold difference in their cytokine-inducing potency. The distribution of allelic variants
of the set genes among strains of S. aureus may contribute to differences in the pathogenic potential of this

bacterium.

Staphylococcus aureus is a major human pathogen that
causes a broad and diverse range of diseases including the
life-threatening toxic shock syndrome and less serious condi-
tions such as boils and food poisoning. Such human diseases
are believed to be caused by a disparate group of exoproteins
secreted by S. aureus. The exoproteins fall into two main
groups: (i) enzymes such as hyaluronidase, proteases, and
nucleases, and (ii) exotoxins including leukocidins, exfoliative
toxins, enterotoxins, and toxic shock syndrome toxin 1 (TSST-
1). However, some exoproteins, for instance the hemolysins
which possess both enzymatic and toxin activities, cannot be
molded into this artificial classification. The enzymatic exopro-
teins probably function primarily to provide nutrients for bac-
terial growth and in so doing contribute to malaise, while the
exotoxins are the major cause of disease.

Among the numerous staphylococcal exotoxins, those that
have received the most attention are the enterotoxins and
TSST-1. There are currently 11 staphylococcal enterotoxins
(SEs), SEA, SEB, SEC1, SEC2, SEC3, SED, SEE, SEG, SEH,
SEI and SEJ), and these are believed to be the main causative
agents of staphylococcal food poisoning (2, 3). Although the
SEs also cause toxic shock, TSST-1 is the predominant caus-
ative agent (17). These exotoxins are also superantigens (14,
37, 38) and, together with the exotoxins of Streptococcus pyo-
genes, have been termed pyrogenic toxins because, in addition
to a number of shared biological activities including the ability
to stimulate T-cell proliferation, they are pyrogenic (4, 5). The
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pyrogenicity of these toxins is due to their potent immuno-
stimulatory properties (16). These immunostimulatory activi-
ties are not confined to actions on T cells but are also, in part,
due to the stimulation of proinflammatory cytokine production
by major histocompatibility complex class II-bearing cells such
as monocytes (7, 9, 19). Although the staphylococcal and strep-
tococcal pyrogenic exotoxins are grouped together because of
their shared biological activities, these exotoxins also possess
distinct activities; for instance, only the SEs cause emesis and
only the streptococcal exotoxins are cardiotoxic.

In addition to having primary-structure homology, crystal
structures for SEA (30), SEB (33), SEC2 (22), SED (32),
TSST-1 (1), and streptococcal pyrogenic exotoxin C (SPEC)
(28) demonstrate that these proteins have similar tertiary and
quaternary structures. They all possess an N-terminal 3-barrel
globular domain (OB fold) and a C-terminal B-grasp motif
composed of five B strands.

Of the clinical isolates of S. aureus, 40% produce one or
more of the known exotoxins (31), and it has been suggested
that there are as yet unidentified exotoxin genes (20, 27). We
describe the identification of a new exotoxin-like gene, setl.
Cloning of this gene has revealed that it forms part of a gene
cluster containing a novel family of at least five staphylococcal
exotoxin-like genes, designated set] to set5. The distribution of
the prototypic gene from this cluster, setl, among selected
staphylococcal species was examined. The capacity of recom-
binant SET1 to induce proinflammatory cytokine production
by human peripheral blood mononuclear cells (PBMCs) was
also examined.

MATERIALS AND METHODS

Identification of setl. A fragment of the set/ gene was initially cloned using a
screening method incorporating alkaline phosphatase (PhoA) as a reporter mol-
ecule to identify secreted proteins, as previously described for Streptococcus
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pneumoniae (23). This system utilizes an alkaline phosphatase-negative strain of
Escherichia coli CC118 (PhoA ™) and plasmid pHRM104, which contains a trun-
cated E. coli phoA gene lacking its signal sequence. Thus, for the secretion of
functional alkaline phosphatase activity, genes encoding signal sequences must
be cloned in frame with the phoA gene in the reporter system. A 5-ug sample of
S. aureus NCTC 6571 genomic DNA was digested with Sau3A, fragments of 1 to
4 kb were ligated to pHRM104 which had been linearized with BamHI, and the
ligations were used to transform E. coli CC118. Transformants exhibiting alka-
line phosphatase activity were detected by growth on nutrient agar containing
5-bromo-4-chloro-3-indolylphosphate. Plasmid DNA was prepared from all pos-
itive clones, and the sequences of the inserts were determined. One of these
clones, pExp5, contained a 237-bp DNA fragment of set.

Cloning of the full-length serl gene and identification of the novel set gene
cluster. A set]-specific probe (253 bp) was PCR amplified using pExp5 as tem-
plate DNA and the primer pair 5'-GGGACAGAATAATACTATGAAATTAA
AAACG and 5'-ATCTTTTTGGTTAAAGCGTAC. Labeling of the set/ probe
DNA with digoxigenin-dUTP (DIG-dUTP), hybridization, and subsequent im-
munological detection were carried out as specified by the manufacturer (Roche
Diagnostics Ltd.). Southern blots of genomic DNA digested with an array of
restriction endonucleases and probed with the set! probe revealed that this gene
was present on a 5.2-kb EcoRI fragment. Chromosomal DNA was digested with
EcoRI and ligated to pUC19. The ligation mix was transformed into E. coli
TOP10. Transformants were transferred to Hybond-N membranes (Amersham,
Little Chalfont, United Kingdom) and screened for the set/ gene using the
253-bp setl probe. One clone, pSET16, had a 5.2-kb insert containing the set/
gene. The 5.2-kb insert was sequenced by primer walking using a BigDye termi-
nator kit as specified by the manufacturer (ABI Perkin-Elmer). The cycle-se-
quencing reactions were run on an ABI 310 genetic analyzer. The template was
sequenced in both directions in duplicate.

Computer-aided modeling of protein structures. The SET sequences, exclud-
ing SET2, for which we did not have complete sequence data, were modeled
against two target proteins, TSST-1 and SPEC, using a Silicon Graphics com-
puter. Coordinate files for SPEC (1an8) and TSST-1 (2tss) were downloaded
from the Brookhaven Protein Database. We used MODELLER software, which
optimizes spatial restraints derived from the sequence alignments, to build mod-
els of the SET proteins (29). Protein models thus derived were viewed using
MOLSCRIPT. Based on sequence alignments using CLUSTAL_X Windows 1
(35), the SET3 and SET4 sequences were modeled using TSST-1 (2tss.pdb) as
template while the SET1 and SET5 sequences were modeled using SPEC
(1an8.pdb).

Distribution of the set] gene among staphylococci. Staphylococcal strains were
screened for serl by PCR. Chromosomal DNA from S. aureus NCTC 6571,
NCTC 8325-4, FRI326, and eight clinical isolates (obtained from Geoffrey Scott,
University College London Hospital) and S. epidermidis NCTC 11964 and NCTC
11047 were used as templates. A total of 30 cycles of amplification were per-
formed using the forward primer 5'-GAATTCAGATTGGGAGAATAATACT
ATG and the reverse primer 5'-AGATCTCAACGTTTCATCGTTAAGCTGC.

Dot blot analysis of sez/l mRNA production. Overnight cultures of S. aureus
grown in 1% casein hydrolysate-2.5% yeast extract were diluted (1:50) in fresh
broth and incubated at 37°C with aeration. Aliquots were taken at various time
points, and the cells were harvested and washed with 0.5% Tween 80. The cell
pellets were resuspended in 0.5 ml of lysis solution (consisting of 9.6 ml of
Divolab no. 1 detergent [DiversyLever Ltd.], 24 ml of 500 mM sodium acetate
[pH 4], 66.4 ml of distilled water), 0.5 ml of acid-phenol (pH 4), and 0.1 ml of
chloroform-isoamyl alcohol (24:1) and lysed using a Ribolyser (Hybaid). After a
10-min incubation on ice followed by centrifugation, the supernatants were
extracted with phenol-chloroform and the RNA was precipitated. RNA (2 pg)
was blotted onto a nylon membrane and probed using a DIG-labeled set! probe.
The hybridization and subsequent chemiluminescent detection were carried out
as specified by the manufacturer (Roche Diagnostics Ltd.).

Cloning of setl into an N-terminal polyhistidine expression vector. The oli-
gonucleotide 5'-GGATCCGCAGAAAAACAAGAGAGAGTAC and 5'-GTC
GACAACGTTTCATCG-TTAAGCTGCC were designed to amplify the 677-bp
set] gene minus the DNA encoding the N-terminal signal peptide and also
contained recognition sequences for the restriction enzymes BamHI and Sall
(underlined), respectively. The PCR fragment was initially cloned into PCR2.1-
TOPO and transformed into TOP10 (Invitrogen, Leck, The Netherlands). The
set] gene was extracted from PCR2.1-TOPO on a BamHI-Sall fragment and
ligated to BamHI-Sall digested pQE30 (Qiagen Ltd., Crawley, United King-
dom). The ligation mix was transformed into E. coli IM109(pREP4), and trans-
formants were selected by growth at 30°C on Luria-Bertani agar containing 100
wg of ampicillin per ml and 25 g of kanamycin per ml.

Expression of set1 and purification of recombinant SET1. For gene expression,
positive clones were grown overnight in Terrific broth, diluted 1:25 in fresh broth,
and incubated for a further 1 h at 37°C. Gene expression was induced with 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) for 4 h at 28°C. Cells were har-
vested by centrifugation at 6,000 X g for 30 min and then resuspended and lysed
for 20 min in B-PER protein extraction reagent (Pierce & Warriner Ltd.) con-
taining 20 mM imidazole, 1.5 pM phenylmethylsulfonyl fluoride, 1 uM pepstatin,
and 10 uM leupeptin. Lysates were clarified by centrifugation at 23,000 X g for
15 min. Recombinant proteins were purified using Ni-nitrilotriacetic acid-agar-
ose columns under native conditions as specified by the manufacturer (Qiagen

INFECT. IMMUN.

Ltd.), except that after the lysates were loaded onto the column, an additional
column wash, consisting of 2.5 mg of polymyxin B per ml in wash buffer, was
performed to remove contamination with lipopolysaccharide.

Finally, recombinant SET1 (rSET1) was further purified by gel filtration chro-
matography using a Superdex75 column preequilibrated in phosphate-buffered
saline and attached to a Pharmacia SMART system (Amersham-Pharmacia
Biotech).

Assay of cytokine production by PBMCs. PBMCs were prepared as previously
described (34). Cells were plated at a density of 2 X 10° cells/ml in 24-well plates
and stimulated with graded concentrations of protein. SEB (Sigma-Aldrich Ltd.)
was used as a positive control. Cell supernatants were assayed for the presence
of interleukin-1B (IL-1B), IL-6, and tumor necrosis factor alpha (TNF-«) using
two-site enzyme-linked immunosorbent assays as previously described (26, 34).

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported here have been deposited in the GenBank database under accession
numbers AF094826 (set gene cluster fragment), AF188835 (NCTC 6571 set!
gene), AF188836 (FRI326 set! gene), and AF188837 (NCTC 8325-4 setl gene).

RESULTS

Identification of set1. In a previous study we employed an
alkaline phosphatase fusion strategy to identify proteins ex-
ported by S. aureus. Using this system, we isolated one clone,
pExp5, that contained DNA encoding the N-terminal 79 amino
acids of a secreted protein fused to phoA. Comparison of the
nucleotide sequence of pExp5 with those in the Oklahoma
University sequencing project of S. aureus NCTC 8325 (http:/
www.genome.ou.edu/staph.html) revealed homology (91%) to
contig 386 (designation as of July 1998). Contig 386 contained
a partial open reading frame encoding a putative 191-amino-
acid protein (ORF386), and a search of the SwissProt database
revealed that ORF386 had approximately 25% identity to a
number of staphylococcal and streptococcal exotoxins. The
homology included two regions that were similar to the con-
sensus staphylococcal enterotoxin/streptococcal exotoxin sig-
natures (PROSITE and PCOC00250) (12, 16). The first of
these signatures is a well-conserved region found in the ma-
jority of the staphylococcal enterotoxins but not TSST-1, while
the second signature is a more diffuse sequence which is
present in both the enterotoxins and TSST-1. This similarity
suggested that ORF386 may code for a novel exotoxin. The
DNA sequence identified in pExp5 as encoding an N-terminal
fragment (including the signal peptide sequence) of an un-
known protein and that of ORF386 were very similar although
not identical, and we hypothesized that the gene within pExp5
may also encode a novel exotoxin-like protein. We have des-
ignated this open reading frame set/ (for staphylococcal exo-
toxin-like gene 1).

Cloning of the full-length set1 gene and identification of the
novel exotoxin-like gene cluster. The set/ gene was mapped to
a 5.2-kb EcoRI S. aureus genomic DNA fragment by using a
253-bp probe designed to target the 5' end of set/ (data not
shown). To clone this fragment, a complete S. aureus NCTC
6571 genomic DNA-pUC19 EcoRI library was constructed in
E. coli and screened using the 253-bp set probe. One positive
clone, pSET16, containing a 5,175-bp fragment was used for
further analysis. The complete DNA sequence of this 5,175-bp
fragment was determined and has been deposited in GenBank
(accession no. AF094826). Analysis of the DNA sequence of
pSET16 revealed four complete open reading frames together
with two partial open reading frames at the 5’ and 3’ extrem-
ities of the DNA. A BLAST search of the SwissProt database
indicated that the four complete open reading frames and one
of the partial open reading frames (5’ end) had homology,
although low, to those encoding a number of staphylococcal
and streptococcal exotoxins, including TSST-1. The second
partial open reading frame at the 3’ extremity encoded the
start of a possible host specificity determinant methylase
(HsdM)-like protein (54% identity over 26 amino acids to
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setl ATAGATTGGGAGAATAATACTATG
set3 TTACGATTGGAGCATACAACTATG
set4 TTAAGATTGGAGTAAATAAATATG
setb TTAAGATTGGAGCAATAAATTATG

FIG. 1. (A) Arrangement of the set genes in S. aureus NCTC 6571. The direction of transcription of all of the genes is shown by the arrow. The numbers refer to
the sizes of the intergenic spaces. The letters refer to sites cut by the restriction endonucleases: C, Clal; E, EcoRI; RV, EcoRV. (B) Putative ribosome-binding sites

(bold) upstream of the set genes. The start codons are underlined.

Klebsiella pneumoniae HsdM). The novel exotoxin-like genes
have been designated set! to set5 based on the order of their
discovery.

The organization of the set genes is shown in Fig. 1A. The
distance between each of the ser genes varies from 339 to 446
bp, while the shorter intergenic region between set4 and the
hsdM-like gene is 261 bp. Apart from the ser2 gene (for which
the upstream region has not been sequenced), all genes are
preceded by putative ribosome-binding sites 7 bp upstream of
their start codons (Fig. 1B).

The four complete set genes encode proteins of between 227
and 234 amino acids, which have 38 to 53% homology to each
other. The partial se2 gene encodes the C-terminal 172 amino
acids of this protein. An alignment of the amino acid se-
quences of the SET proteins is shown in Fig. 2. Each of the
SET proteins (apart from SET2, for which the N-terminal
region has not been sequenced) possesses putative N-terminal
signal sequences, as determined using the SignalP algorithm
for gram-positive bacteria (21), indicating that these are se-
creted proteins. The mature extracellular proteins are pre-
dicted to consist of 201 (SET1), 204 (SET3), 202 (SET4), and
207 (SETS) amino acids. Although the similarity between the
SET proteins and the known staphylococcal and streptococcal
exotoxins is low, being around 25%, each of the SET proteins
possesses the staphylococcal/streptococcal exotoxin consensus
signature 2 (K-X,-[LIV]-X,-[LIV]-D-X;-R-X,-L-Xs-[LIV]-Y)
as determined by searches of the PROSITE database (11) (Fig.
2). In addition, the SET proteins have an amino acid sequence
which is similar to the exotoxin consensus signature 1 (PRO-
SITE, PCOC00250) (Fig. 2). SET1, SET2, and SETS5 have the
greatest homology to SPEC (25, 26, and 25% sequence iden-
tity, respectively), while SET3 and SET4 are most closely re-
lated to TSST-1 (25 and 27% identity, respectively). Based on
this homology, the SET sequences were modeled against two
target protein structures, TSST-1 (PDB file 2tss) and SPEC
(PDB file 1an8). The protein models of SET1 and SETS5 depict
two domain structures joined by a central a-helix (Fig. 3a).
Domain B has topology equivalent to the oligosaccharide- and
oligonucleotide-binding fold (OB-fold) found in SPEC and
other unrelated toxins. However, the A domain of SET1
and SETS differs from that of SPEC in that it has one less

B-strand in the B-grasp motif. The missing B-strand corre-
sponds to B,, in the SPEC model and is important in zinc
binding and in providing biological activity. The protein mod-
els of SET3 and SET4 also depict a two-domain structure
joined by a central o helix (Fig. 3b). Once again, the B domain
forms a B-barrel structure. The B-grasp motif of the A domain
in SET3 and SET4 is similar to that of TSST-1. However, the
short N-terminal a-helix (c;) of TSST-1 is not maintained in
SET3 and SET4. Although there is low amino acid sequence
identity between the SET proteins and those of the target
protein structures, these theoretical models demonstrate that
the SET proteins could adopt typical superantigen-type struc-
tures.

Distribution of the setl gene among staphylococci. Ten
strains of S. aureus, FR1326, NCTC 8325-4, and eight clinical
isolates, together with two strains of S. epidermidis (NCTC
11964 and NCTC 11047) were analyzed by PCR for the pres-
ence of the setI gene. Products were generated for all of the S.
aureus strains but not for either of the S. epidermidis strains
(Fig. 4). Cloning and sequencing of the set/ genes from three
of the S. aureus strains (FRI326, NCTC 6571, and NCTC
8325-4) revealed that the NCTC 6571 gene had 92 and 88%
identity to the FRI326 and NCTC 8325-4 set! genes, respec-
tively. The respective GenBank accession numbers for the set/
genes from FRI326, NCTC 8325-4, and NCTC 6571 are
AF188836, AF188837, and AF188835. The predicted protein
sequences differed in 30 (FRI326) and 34 (NCTC 8325-4)
positions from the NCTC 6571 SET1 sequence, corresponding
to 87 and 84% identity, respectively, at the amino acid level
(Fig. 5).

Dot blot analysis of setI mRNA production. To determine if
setl is expressed in S. aureus, total cellular RNA extracted at
various growth stages from S. aureus NCTC 6571 was probed
with a probe specific to set1. Figure 6 shows that the expression
of set] was growth phase dependent, with the highest level of
expression in the stationary phase.

Cloning and expression of setl. The setl gene encoding the
mature protein minus the signal peptide was PCR amplified
from pSET16 DNA and inserted into the pQE30 N-terminal
histidine tag fusion vector. This construct was introduced into
E. coli IM109. Protein production was found to be most effi-
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1 50
SET1 MEKLKTLAKAT LALGLLTTGV ITSEGQAVQA AFKQERVQHL H-DIRDLHRY
SET4 MKLTALAKVT LALGILTTGT LTTEAHSGHA KQNQKSVNK- H-DKEALHRY
SET5 MKLTAIAKAT LALGILTTGV MTAESQTVNA KVKLDETQRK Y-YINMLKDY
SET2  mmm e e e e e
SET3 MKMTAIAKAS LALSILATGV ITSTAQTVNA SEHESKYENV TKDIFDLRDY
51 100
SET1 YSSESFEYSN VSGKVENYNG SNVVRFNPKD QONHQLFLLGK DKEQYKEGLQ
SET4 YTGNFKEMKN INALRH---G KNNLRFKYRG MKTQVLLPGD EYRKYQQRRH
SETS YSQESYESTN ISVKSEDYYG SNVLNFNQRN KNFKVFLIGD DRNKYKELTH
SET2 = mmmemee— -GFMLKPWTT VREMNVIPDW FIYKIALVGK DDKKYKDGPY
SET3 YSRASKELKN VTGYRYSKGG KHYLIFDKNR KFTRIQIFGK DIERIKKRKN
101 150
SET1 -GONVFVVQE LIDPNGRLST VGGVTKKNNK TS~-~-ETNTP LFVNKVNGED
SET4 TGLDVFFVQE RRDKHDISYT VGGVTKINKT S--GEVSTPR LNVTKEKGED
SETS —GRDVFAVPE LIDTKGGIYS VGGITKKNVR SVFGYVSHPG LQVKKVDPKD
SET2 DNIDVFIVLE DNKYQLKKYS VGGITKTNSK KVDHKAELS- ITKKDEKGKI
SET3 PGLDIFVVKE AENRNGTVYS YGGVTKKNQG AYYDYILSAPR FVIKKEVGAG
YGGLTxxxxN
I
v
151 200
SET1 LDASIDSFLI QKEEISLKEL DFKIRQQLVN NYGLYKGTSK YGKIIINLKD
SET4 AFVKGYPYDI KKEEISLKEL DFKLRKHLIE KYGLYKTLSK DGRIKISLKD
SETS5 GFSIKELFFI QKEEVSLKEL DFKIRKMLVE KYRLYKGASD KGRIVINMKD
SET2 SHDDSEY-KI TKEEISLKEL DFKLRKQLIE QHNLYGNIGS GTI-VIKTKN
SET3 VSVHVKRYYI YREEISLKEL DFKLRQYLIQ DEDLYKKEFPK ASKIKVTMKD
KxxLxxxxL DxxxRxxLxx xxxLY
I I I
v v v
201
SET1 ENKVETDLGD KLQFERMGDV INSKDIRGIS VTINQI
SET4 GSFYNLDLRT KLKFKHMGEV IDSKQIKDIE VNLK--
SETS EKKHEIDLSE KLSFDRMFDV LDSKQIKNIE VNLN--
SET2 GGKYTFELHK KLQFHRMADV IDGTSIERIE VNLKSS
SET3 GGYYTFELNK KLQTNRMSDV IDGRNIEKIE ANIR--

FIG. 2. Multiple alignment of the SET proteins. Highly conserved residues which are present in at least three of the proteins are shown in boldface type, and the
putative N-terminal signal peptides are underlined. The staphylococcal and streptococcal exotoxin consensus signatures 1 and 2 are shown underneath the alignment

at positions 121 to 129 and 162 to 185, respectively.

cient when bacteria were grown at 28°C after induction (data
not shown), giving yields of approximately 20 mg of soluble
protein per liter. Analysis of SET1 by gel filtration chromatog-
raphy revealed that it existed as a monomeric protein of about
23 to 24 kDa. The set1 genes from NCTC 8325-4 and FRI326
were also cloned and expressed using this system and found to
encode monomeric proteins with molecular masses identical to
that of SET1 from NCTC 6571. All rSET proteins were ho-
mogenous as determined by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and migrated with molecular masses
of about 23 to 24 kDa.

Capacity of rSET1 to stimulate production of the proinflam-
matory cytokines IL-1, IL-6, and TNFa. All characterized
staphylococcal enterotoxins are able to stimulate proinflamma-
tory cytokines. The ability of rSET1 from strain NCTC 6571 to
stimulate the production of the cytokines IL-1B, IL-6 and
TNF-a by PBMCs was compared to that of SEB. To establish
the purity and to ensure that similar concentrations of each
protein preparation were used, rSET1 and commercial SEB
were compared by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Stimulation of PBMCs with rSET1 resulted in
the production of all three of the proinflammatory cytokines
tested (Fig. 7 to 9).

rSET1 stimulated the secretion of IL-6 by PBMCs over the

dose range of 100 ng/ml to 10 pg/ml, compared to SEB, which
was active at inducing IL-6 production over the dose range of
10 ng/ml to 10 pg/ml. However, the maximal levels of IL-6
produced in response to rSET1 were almost 10-fold greater
than those induced by SEB (Fig. 7). Heating of rfSET1 at 100°C
for 20 min reduced its ability to stimulate IL-6 production by
69%.

SEB was a very poor inducer of IL-1 secretion by PBMCs.
rSET1, on the other hand, showed a similar dose response to
that produced for IL-6 secretion, being active over the range of
100 ng/ml to 10 pg/ml. The maximal level of IL-18 produced by
PBMCs stimulated with rSET1 was, again, almost 10-fold
greater than that induced by SEB (Fig. 8).

rSET1 was not a potent inducer of TNF-«a secretion, being
active only over the concentration range from 1 to 10 pg/ml. In
contrast, SEB was a potent inducer of TNF-a secretion by
PBMC s, having activity over the dose range of 1 ng/ml to 10
pg/ml. Once again, the maximum level of cytokine secretion
was produced in response to rfSET1 and not to SEB; however,
the levels were only slightly higher (Fig. 9).

Ability of allelic variants of SET1 to stimulate the produc-
tion of IL-6 by PBMCs. As described above, we have identified
at least three allelic variants of set! corresponding to the genes
from strains NCTC 6571, FRI326, and NCTC 8325-4. Allelic
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FIG. 3. Schematic diagram of the modeled structures for SET proteins, TSST-1, and SPEC. The SET sequences were modeled against two target protein structures,
TSST-1 (PDB file 2tss) and SPEC (PDB file 1an8) on a Silicon Graphics computer. All models showed the potential to form two domains: in domain A, the C terminus
has a five-strand B-sheet surrounding a long central a-helix, and in the smaller domain B, the N terminus shows B-strands folding into a barrel creating the OB-fold.
(a) The A domain of SET3 and SET4 has one less B-strand than the structure for TSST-1. (b) SET1 and SETS differ from SPEC in having one less B-strand in the
A domain. The missing strand corresponds to 812 in the SPEC model.

variants of other exotoxins such as SPEA have different bio-
logical activities (15). To determine if the different alleles of
SET1 have different biological activities, we cloned and ex-
pressed the genes for these proteins in E. coli and compared
the ability of the rSET1 proteins to stimulate IL-6 secretion by
PBMCs. All three alleles were able to stimulate PBMCs to

~ . : FIG. 4. PCR analysis for the presence of the set! gene in staphylococci.
secrete IL-6 (Flg' 10)' HOWGVBI‘, t,he alleles from strains Lanes: 1 to 8, clinical S. aureus isolates; 9, S. aureus NCTC 6571; 10, S. aureus
FRI326 and NCTC 8325-4 were active only at 10 wg/ml. In  Fr1326; 11, S. aureus NCTC 8325-4; 12, S. epidermidis NCTC 11964; 13, S.

contrast, the SET1 from strain NCTC 6571 was active at 100 epidermidis NCTC 11047.

12 3 4 5 6 7 8 9 10 11 12 13
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NCTC6571 MKLKTLAKAT LALGLLTTGV
NCTC8325-4 VKLKTLAKAT LALGLLTTGV
FRI326 MKLKTLAKAT LALSLLTTGV
NCTC6571 SSESFEYSNV SGKVENYNGS
NCTC8325-4 SSESFEFSNI SGKVENYNGS
FRI326 SAPSFEYSNI SGKVENYNGS
NCTC6571 QONVEVVQELI DPNGRLSTVG
NCTC8325-4 KDVFVVKELI DPNGRLSTVG
FRI326 KDVFVVQELI DPNGRLSTVG
NCTC6571 DSFLIQKEEI SLKELDFKIR
NCTC8325-4 DSFSINKEEV SLKELDFKIR
FRI326 DSFLIQKEEI SLKELDFKIR
NCTC6571 IDLGDKLQFE RMGDVLNSKD
NCTC8325-4 IDLGDKLQFE RMGDVLNSKD
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FIG. 5. Alignment of the SET1 amino acid sequences from S. aureus NCTC 6571, S. aureus NCTC 8325-4, and S. aureus FRI326. Differences between the NCTC
8325-4 and FRI326 SET1 sequences compared to the NCTC 6571 sequence are shown in bold.

ng/ml and thus was the most potent allele, being 100-fold more
potent than the other SET1 alleles. Additionally, the levels of
IL-6 induced by 100 ng of SET1 from NCTC 6571 per ml were
equivalent to those produced by 10 pg of the SET1s from
strains FRI326 and NCTC 8325-4 per ml (Fig. 10).

DISCUSSION

The staphylococcal exotoxins are a heterogeneous group of
bacterial toxins that include the enterotoxins, which cause food
poisoning, and, together with TSST-1, are responsible for toxic
shock syndrome. Although at least 11 enterotoxins have been
identified, it is widely believed that more remain to be discov-
ered, since the known enterotoxin genes do not account for all
cases of food poisoning and toxic shock syndrome. Some of the
exotoxins are also superantigens, and it has been suggested
that they may even play a role in autoimmune diseases (8, 18).
For instance, the enterotoxins have been suspected of trigger-
ing symptoms resembling arthritis in patients with staphylococ-
cal toxic shock syndrome (6, 16).

In a previous study, we attempted to identify novel secreted
proteins from S. aureus by using an alkaline phosphatase gene

log growth (OD540)

50 100 150 200 250 300

Time (mins)
FIG. 6. Expression of the set/ gene by S. aureus NCTC 6571. Total cellular

RNA was extracted at the time points shown, and 2 pg of total RNA was probed
with a DIG-labeled setl DNA fragment. OD540, optical density at 540 nm.

350 400 450 500

fusion technique. This method allowed us to identify a clone
that contained an insert encoding the N-terminal 79 amino
acids of a putative novel exotoxin-like protein, SET1. In this
study, we have cloned the entire open reading frame of set]
from S. aureus NCTC 6571, which was found on a 5.2-kb EcoRI
fragment and was flanked by further exotoxin-like genes. In all,
we have identified four complete and one partial novel exo-
toxin-like genes. We have designated these genes set! to set5,
since they encode staphylococcal exotoxin-like proteins. All of
the genes possess sequences similar to ribosome-binding sites
immediately upstream of their start codons. Apart from set2
(for which the complete DNA sequence has not yet been
determined), the ser genes encode putative extracellular pro-
teins which have typical gram-positive bacterial N-terminal
signal peptides made up of between 25 and 30 amino acids.
The predicted mature SET proteins are of a similar size to the
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FIG. 7. Production of IL-6 by PBMCs in response to stimulation with graded
concentrations of either rSET1 (m) or SEB (£). The figure shows the results
from one representative experiment of at least three, expressed as the mean and
standard deviation of three replicate cultures.
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FIG. 8. Production of IL-18 by PBMCs in response to stimulation with
graded concentrations of either rfSET1 (m) or SEB (E). The figure shows the
results from one representative experiment of at least three; the data are the
means and standard deviations of three replicate cultures.

staphylococcal enterotoxins and TSST-1, consisting of between
201 and 207 amino acids with predicted molecular masses
ranging from 23 to 24 kDa.

To our knowledge, only two other genetic loci encoding
contiguous staphylococcal toxin genes have previously been
described. The first of these contains the leukocidin genes hlg2,
lukS, and IukF (36). The second locus contains the Panton-
Valentine leukocidin genes /ukS-PV and lukF-PV and occurs
in only a few strains of S. aureus (24). The genetic locus en-
coding the Panton-Valentine leukocidins resides on the re-
cently sequenced bacteriophage wPVL (13). The genetic locus
that we describe in this report represents the third such locus.
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6000 +-

3000 +
\
|
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FIG. 9. Production of TNF-a by PBMCs in response to stimulation with
graded concentrations of either rfSET1 (m) or SEB (E). The figure shows the
results from one representative experiment of at least three; the data are the
means and standard deviations of three replicate cultures.
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FIG. 10. Production of IL-6 by PBMCs in response to stimulation with
graded concentrations of rSET1 encoded by S. aureus strains NCTC 6571 (m),
FRI326 (£)), and NCTC 8325-4 (). The figure shows the results from one
representative experiment of at least three, and the data are the means and
standard deviations of three replicate cultures.

While we have not completely determined the boundaries of
this putative exotoxin cluster, we have determined that these
genes are flanked at the 3’ end by an AsdM-like gene. Inter-
estingly, we have recently identified a fourth genetic locus that
contains a cluster of contiguous staphylococcal virulence genes
(unrelated to the exotoxin genes described in this report)
which are also flanked at the 3’ end by an identical AsdM-like
gene (S. P. Nair, R. J. Williams, and B. Henderson, unpub-
lished data). At present the relevance of the hsdM-like gene
and its position in these virulence clusters is unclear.

We are at present unsure whether the set genes are ex-
pressed as part of a polycistronic transcript or individually.
Most of the staphylococcal enterotoxin genes are expressed
individually, the exception being seg, which is transcribed on a
large (6.7-kb) transcript, although the identities of the flanking
genes are unknown (20). The intergenic regions between each
of the set genes are large (approximately 400 bp), making it
unlikely that these genes are expressed as a polycistronic tran-
script. We have shown that, as with the majority of the staph-
ylococcal exotoxin genes, set! is expressed during the postex-
ponential phase of growth.

The staphylococcal and streptococcal pyrogenic exotoxins
have a reasonable degree of homology at the amino acid level
and, according to their primary sequences, can at present be
divided into three groups (A to C). However, two of the py-
rogenic toxins, SPEH and TSST-1, cannot be placed in any of
these groups because of their low sequence homology. Phylo-
genetic comparison of the SET proteins with the known pyro-
genic exotoxins has revealed that they form a distinct family of
exotoxin-like proteins, group D. The SET family lies between
the group A exotoxins and TSST-1 (Fig. 11). Although there is
little primary structure conservation between TSST-1 and the
other families of pyrogenic exotoxins, they do have common
tertiary and quaternary structural features. All of the pyrogenic
exotoxins for which crystal structure data are available consist
of two domains (A and B). The minimalist structure found in
common is a large A domain consisting of a five-strand -sheet
surrounding a long central a-helix and a smaller B domain
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FIG. 11. Phylogenetic tree showing the relationship between the known
streptococcal pyrogenic exotoxins, the staphylococcal enterotoxins, TSST-1, and
the novel exotoxins described in this report. The multiple alignment was con-
structed by DNAsis software using the Higgins and Sharp algorithm (10).

composed of B-strands folded into a barrel or claw motif.
Computer-aided modeling of the SET proteins has demon-
strated that these proteins could adopt a structure composed
of two domains joined by a central a-helix, as is found in the
other pyrogenic exotoxins. However, while the B domain
B-barrel or claw motif of the pyrogenic exotoxins is maintained
in the models of the SET proteins, there are structural differ-
ences in the A domain. SET1 and SETS have one less B-strand
in the B-grasp motif of domain A. SET3 and SET4 also differ
from TSST-1 in the A domain. The high degree of similarity
between the structures of the pyrogenic exotoxins and the
differences found in the modeled structures of the SET pro-
teins suggests that SETs form a distinct family of exotoxin-like
proteins.

We have cloned and expressed the prototypical gene in this
cluster, setl, and demonstrated that rSET1 has the ability to
stimulate the production of the cytokines IL-1B, IL-6, and
TNF-a by PBMCs. SEB also stimulates the production of these
three cytokines; however, the two toxins have differing patterns
of efficacies and potencies. Given the similarities of the immu-
nomodulatory effects of rSET1 to those produced by the
known pyrogenic exotoxins, it is likely that this protein may
play an important role in the pathology of staphylococcal dis-
eases. In addition, set] is flanked by at least four other sef genes
and, given the sequence similarities between SET1 and the
other SET proteins, it is probable that their protein products
may also have similar or more potent biological activities, and
thus they may act in concert. Previous studies have shown that
slight amino acid differences between the members of the
pyrogenic toxin family can result in greatly altered biological
properties. In one of the most recent discoveries, the 17-ami-
no-acid difference between the streptococcal mitogenic exo-
toxin z (SMEZ) isolated from two Streptococcus pyogenes
strains led to different superantigenic potencies on human
PBMC:s and, indeed, to different VB specificity profiles (25).

INFECT. IMMUN.

During this study, we have found the set! gene in three differ-
ent S. aureus strains and also in eight clinical S. aureus isolates,
although, admittedly, we do not know if the set/ gene is ex-
pressed in all S. aureus strains. Interestingly, the proteins from
S. aureus FRI326 and NCTC 8325-4 have less than 90% amino
acid sequence identity to SET1 from NCTC 6571. These allelic
variants of SET1 were found to have different capacities to
stimulate PBMC:s to secrete IL-6. The SET1 proteins encoded
by strains FRI326 and NCTC 8325-4 were relatively inactive
compared to that from strain NCTC 6571. At present we have
identified three allelic variants of the set/ gene. It is possible
that there are other SET1 alleles and that these code for
proteins that are even more potent at inducing proinflamma-
tory cytokine production by PBMCs. Thus, the allelic form of
set] possessed by a particular strain of S. aureus may have a
major impact on the virulence of this organism. There are four
other exotoxin genes in the SET virulence cassette, whose
protein products remain to be characterized. If these proteins
also have the ability to stimulate proinflammatory cytokine
production by PBMCs, this virulence cluster may represent
one of the most important pathogenicity determinants in S.
aureus.
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